Signal transduction processes involved in blue light-dependent proton pumping were investigated using guard cell protoplasts from Vicia faba. N-[2-(Methylamino)ethyl]-5-isoquinolinesulfonamide, an inhibitor of cyclic AMP-and cyclic GMP-dependent protein kinases, had no effect.
Blue light-specific responses are ubiquitous in plant cells, and include phototropism, leaf movement, chloroplast rotation, carbohydrate metabolism, and stomatal response (27, 36) . Stomata open in response to a low photon flux density of blue light (14, 22, 28) , and the opening is mediated by increased turgor of guard cells where K+-salt accumulates. Blue light absorbed by guard cells has been shown to create a proton electrochemical gradient across the plasma membrane (inside negative), thereby driving the uptake of K+ through the voltage-gated K+-channel (2, 26, 30, 36) . The ' This work was supported in part by grants from the Toray Science Foundation (No. 89-3005) and from the Ministry of Education, Science and Culture of Japan (Nos. 03640570, 03304006). light seems to act as a signal for activation of the proton pump rather than a direct energy source (2, 30) . However, the mechanism by which the perception of blue light is transduced into activation of the proton pump is largely unknown. Investigation of such transduction processes in guard cells may provide clues to elucidate the mechanisms underlying light-dependent, transmembrane signaling in plant cells.
Results of recent investigations have suggested that protein phosphorylation carried out by protein kinases is one of the key events in signal transduction and the regulation of cell functions in both plants and animals (23) . The activities of these protein kinases are modulated by various cellular components such as cyclic nucleotides, diacylglycerol, and Ca2" (4, 9, 11, 21) . In the present study, we investigated the effect of these protein kinase inhibitors on blue light-dependent proton pumping by Vicia guard cell protoplasts and on lightinduced stomatal opening in Commelina benghalensis epidermis. We found that inhibitors of Ca2+/CaM2-dependent MLCK kinases had the most marked effect on these responses. greenhouse at 25 ± 70C. The plants were watered twice a week.
MATERIALS AND METHODS

Measurement of Blue Light-Dependent Proton Pumping
Guard cell protoplasts were isolated enzymically from the abaxial epidermis of 4-to 8-week-old leaves of Vicia according to the previous method with slight modifications (29) . The protoplasts were obtained by two-step digestion of peeled, ultrasonicated epidermis with Cellulase Onozuka R-10 (Yakult Pharmaceutical Industry Co., Tokyo). The firststep digestion medium (pH 5.4) contained 4% cellulase, 0.25 M mannitol, and 1 mm CaCl2, and the second-step medium consisted of 4% cellulase, 0.35 M mannitol, 2.5 mm CaCl2, 0.5% BSA, and chloramphenicol (20 ,ug/mL). Digestion media were passed through a membrane filter (pore diameter = 0.22 Mm, Fuji Film Co., Tokyo). The isolated protoplasts were suspended in 0.4 M mannitol containing 1 mm CaCl2 and stored on ice before use.
Blue light-dependent proton pumping by Vicia guard cell protoplasts was measured in terms of the decrease in pH of the medium using a dual-beam protocol as described previously (30 (Tables   I and II) . When K+ salt was not added externally to the medium, the proton pumping showed a similar time course with an identical maximum rate, although a greater degree of alkalinization than that in the presence of K+ salt was often observed (Fig. lb) . This suggests that a small amount of K+ salt that might be released from the pH electrode and/ or from breaking protoplasts made it possible to sustain the maximum rate of proton pumping. When a pulse of red light (100 ,mol m-2 s-1) was applied instead of blue light, there was no proton pumping, indicating that the response was specific to blue light (Fig. lc) .
Effects of Protein Kinase Inhibitors on Blue Light-Dependent Proton Pumping
We tested the effect of inhibitors of various protein kinases on the magnitude of blue light-dependent proton pumping. (17) H-8, an inhibitor of cAMP-and cGMP-dependent protein kinases (12), had no effect. H-7, a preferential inhibitor of protein kinase C (16), and calphostin C, a very potent inhibitor of protein kinase C (17), caused slight inhibition of the proton pumping (Table I) . KN-62, a specific inhibitor of Ca2"/ CaM-dependent protein kinase II (32), had no effect on the magnitude of pumping. In contrast, ML-9 and ML-7 at 100
,uM, inhibitors of Ca24/CaM-dependent MLCK (24) , reduced the magnitude of blue light-dependent proton pumping by 80 and 90%, respectively (Table I ; Fig. 2 ). The inhibition increased with the concentration of inhibitor (Fig. 2 ). ML-7 had a stronger inhibitory action than ML-9, and the concentrations required for 50% inhibition (Ki) of the proton pumping were 30 AM for ML-7 and 45 AM for ML-9 (Fig. 2) . The inhibitors decreased both the rate and magnitude of proton pumping (not shown). These results suggest that Ca24/CaMdependent MLCK is involved in blue light-dependent proton pumping in guard cells.
Effects of CaM Antagonists on Blue Light-Dependent Proton Pumping
Because MLCK activity is regulated by CaM (1, 13), it would be expected that CaM is involved in the response of blue light. Proton pumping in guard cell protoplasts was inhibited by W-7, an antagonist of CaM (15), whereas it was inhibited only slightly by W-5, a structural analog of W-7 with a less inhibitory action on CaM (Fig. 3) . Other CaM antagonists, TFP, compound 48/80, prenylamine (12) , and (31) , inhibited the proton pumping (Table II) . All of the inhibitory actions of these antagonists were concentration-dependent. The CaM antagonists decreased both the rate and magnitude of proton pumping; thus, the individual time courses of proton pumping obtained were nearly congruent (Fig. 3, inset) . show an increase of cytosolic Ca2+ in response to external application of ABA (20, 25) .
In the present study, we investigated blue light-dependent proton pumping using inhibitors of various protein kinases. Among these, the Ca2 /CaM-dependent MLCK inhibitors c0 \ v ML-7 and ML-9 were most effective, with the former more *j 50_ effective than the latter. In fact, ML-7 also has a stronger E inhibitory action on MLCK than ML-9 in animal cells (24) . Q\ Mm, and that of ML-9 was 100 AM in the protoplast suspension. The basal reaction mixture (2.5 mL) consisted of 30 mm KCI, 10 mM Mes-NaOH (pH 6.1), and 0.1 mM CaCI2. To know the effect of H-7 and ML-9 on stomatal opening, DMSO was included in the reaction mixture at 0.5%. During the illumination, one or two drops of distilled water was added to supplement the water evaporated from the Petri dishes. Stomatal apertures were measured in 80 stomata microscopically within 6 min. Bars represent the SD. nonspecific effects of ML-7 and ML-9 on guard cells, however, could not be excluded, because the concentrations required for half-inhibition of contraction in smooth muscle cells were much lower than those of proton pumping in guard cells (24) . More direct evidence will be needed to demonstrate the role of MLCK in the blue light response of stomata, because the data we obtained were provided solely from the use of pharmacological tools.
In animal cells, MLCK modulates the contraction of smooth muscle and the activation of platelets by specific phosphorylation of the myosin light chain, which is required for activation of actomyosin ATPase (1, 13). MLCK (8, 19) . More recently, Lee and Assmann (18) showed that 1,2-diacylglycerol, a physiological activator of protein kinase C in animal cells, stimulated both stomatal opening in the epidermis of C. communis and an ATP-dependent, voltageindependent outward current across the plasma membrane of Vicia guard cell protoplasts, suggesting the activation of an electrogenic ion pump via protein kinase C. Moreover, they indicated that H-7, a preferential inhibitor of protein kinase C, inhibited light-dependent stomatal opening in Commelina epidermis. Although these results appear to conflict with our present findings, it should be noted that our study centered only on the blue light-dependent responses, whereas the effect of 1,2-diacylglycerol was elicited in both light and darkness. This indicates that two independent pathways may exist for activation of the proton pump in guard cells. This possibility awaits confirmation in further studies. 
